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INTRODUCTION

A typical pneumonia cases were reported to the World Health
Organization (WHO) on December 31st, 2019, in Wuhan City
(Hubei Province), China [1]. Every day, a large number of people
die as a result of this devastating disease. By November 8, 2021,
the total number of COVID-19 cases and deaths had reached
250,774,454 and 5,067,764, respectively. The COVID-19
pandemic is continuing strongly and the SARS-CoV-2 virus
has been confirmed in 222 countries and territories around the
world. The emergence of the highly transmissible disease SARS-
CoV-2 has given birth to the pandemic COVID-19, provoking
widespread fear and considerable impact on the world economy
[2-4]. To date, hand hygiene, self-isolation of sick individuals,
isolation, global travel limitations, shutdowns and physical
separation have been the only options for preventing the spread
of disease, all of which have serious health, social and economic
consequences [5]. There are currently no particular treatments
available for COVID-19 and patient’s treatment options are
restricted to medications that can alleviate symptoms [6]. A
number of drug treatments have been proposed all around the
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world. Antiviral like α-ketoamides has also been described as
inhibitors of the coronavirus main protease in the literature
[7]. Other antiviral drugs, including remdesivir, lopinavir,
ritonavir and interferon α, have also been suggested as prosp-
ective treatment alternatives against COVID-19 [8].

The framework spike (S) glycoprotein, envelop (E), memb-
rane (M), nucleocapsid (N), hemagglutinin esterase dimer (HE)
and non-structural proteins (NSP) are among the structural and
non-structural proteins found in SARS-CoV-2 [9]. The main
protease enzyme Mpro of SARS-CoV-2 is a homodimer that plays
a crucial role in viral replication, making it a promising target
for finding SARS-CoV-2 inhibitors [6]. Protease inhibitors could
likely block a crucial enzyme that assists viruses in replicating
and prevents SARS, which is also a coronavirus [10]. Corona-
viruses (CoVs) are enveloped viruses, having a single-stranded,
positive-sense RNA genome. They are giant spherical viruses
with a diameter of 80-120 nm and a crown-like appearance due
to glycoprotein spikes [11]. Due to its 82% similarity to the SARS
coronavirus (SARS-CoV), the virus has been named SARS-CoV-
2 [12]. A catalytic dyad comprising His41 and Cys145 is found
in the active site of the enzyme [13].
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Nowadays, computer-aided drug design (CADD) techni-
ques such as pharmacophore modeling, virtual screening,
molecular docking and dynamic simulation are widely utilized
to find, create and assess drugs and other physiologically active
compounds [14]. A structure-based computational technique
for anticipating the complementarity between a drug ligand
and a therapeutic target is known as molecular docking [15].
The increased demand for computational drug discovery
methodologies is driven by the urgent need for new drugs to
control SARS-CoV-2 [16].

In this regard, a well-ordered quantum chemical study of
the feasible conformations and their relative stabilities has been
performed in this work. Density functional computations utili-
zing B3LYP at 6-311++G(d,p) basis set were executed by
applying Gaussian 09 suit program. In this context, at first,
geometric optimization of the proposed compounds have done
successfully using B3LYP method at the 6-311++G (d,p) level
of theory. Then their reactivity and behaviours were predicted
at the same level of theory by using thermal parameters, frontier
molecular orbitals, molecular electrostatic potentials and
Mullikens atomic charges. Some of the important electronic
properties such as ionization potential, electron affinity, dipole
moment, polarizability, chemical hardness, chemical softness,
electronegativity, chemical potential, electrophilicity index and
maximum charge transfer index were also determine so as to
find out the most reactive compounds against the COVID-19
virus. Most of these properties are use in quantitative structural
analysis relationship (QSAR) and drug design [17-19].

In addition, this study also assesses the binding mode of
compounds to proteins using molecular docking simulation.
We used a molecular docking study to examine the binding
affinity of the five compounds (L1-L5) towards the SARS-
CoV-2 main protease (Mpro) and compared the results to an
FDA-approved drug, remdesivir. As a result, this study would
be used as a future guideline to develop novel drugs for treating
COVID-19 patients.

COMPUTATIONAL METHODS

Gaussian 09W software package has been employed for
all the theoretical calculations [20]. Geometry optimization
of the studied ligands were executed by using DFT (density
functional theory) at B3LYP/6-311++G (d,p) level of theory
[21-24]. The molecular structure of the optimized ligands was
visualized by Gauss View 6.0.16 software [25]. FMOs orbitals,
electronic properties, molecular electrostatic potential surfaces
(MEPS) and Mulliken atomic charges were determined at the
same level of theory. PyRx AutoDock Vina Wizard [26] was
used to calculate the binding affinity and to identify what type
of interactions occur between ligands and targets (PDB ID:
6Y2G) during molecular docking studies. The PyMol software
package (version 2.4.0) [27] was used to prepare protein struc-
tures. The substrates or protein macromolecules were treated
as the rigid target, whereas the ligands were treated as flexible
targets with various rotatable bonds.

Preparation of protein, ligands optimization and mole-
cular docking: For molecular docking simulations, the X-ray
crystallographic structure of SARS-CoV-2 Mpro (PDB ID:
6Y2G) was obtained from the RCSB Protein Data Bank at a
structural resolution of 2.20 Å [28]. After that Swiss-PDB
viewer software package (version 4.1.0) was used to optimize
and check the crystal structure of the Mpro based on their least
energy [29]. The PyMol (version 2.4.0) software package was
used to construct the protein structure for docking. This phase
entailed removing all heteroatoms, water molecules and inhib-
itors from the structure and adding missing hydrogens to the
receptor. The 3D structures of all the compounds were created
using the Gauss View 6.0. 16 software and geometry optimi-
zation was performed using Gaussian 09 W program at the
B3LYP/6-311++ G (d,p) level of DFT (Fig. 1).

Blind docking was performed using AutoDock Vina after
ligand and protein preparation. The receptor grid covered the
entire protein, where the centre was X: -8.4137, Y: 6.6830, Z:

L1 L2 L3 

L4 L5

Fig. 1. Optimized structures of the studied ligands (L1-L5) by using DFT/B3LYP/6-311++G (d,p) method
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-26.8964 and the dimensions were X: 77.1451, Y: 39.3223 and
Z: 51.8757. The binding affinities of the ligands were measured
as negative scores in kcal/mol unit, with higher negative values
indicating higher binding affinities. PyRx virtual screening
software was used to execute the docking simulations, which
used the AutoDock Vina docking protocol [26]. PyMol (version
2.4.0), BIOVIA Discovery Studio (version 4.5) and Chimera
X-1.1 [30] were used to visualize the docking results and non-
covalent interactions in the docked ligand-protein complex.
Graphical representations of the docked pose were created using
the Chimera X-1.1 program.

RESULTS AND DISCUSSION

DFT calculation studies: To explore the electronic
structure of a compound and also to investigate the interactions
involved between the receptors and ligands computational
quantum mechanical modeling method DFT is very useful tool
[31]. Dipole moment and polarizability are important factors
that are related to the polarity of a molecule and provides
information about charge distribution within the molecule and
therefore play important role in solvation, binding affinity,
inhibition activity, molecules membrane permeability system
[32,33]. In addition, they exhibit significant contribution in
protein-ligand and drug-receptor interactions [34]. This may
be due to the propagation of an electrostatic field by the receptor
and therefore would attack more strongly and interact with
molecules, which have a higher dipole moment or polariza-
bility [35]. Hence, molecules, which have large dipole moment
and polarizability, that molecules will show high inhibition
activity and binding affinity. DFT/B3LYP/6-311++G(d,p) level
of theory executed total energy, thermal parameters, dipole
moment and polarizability of the studied ligands are presented
in Table-1. It is observed that all studied ligands L1-L5 show
considerable amount of dipole moment change and large
polarizability value. That means all studied ligand could set
out their binding pose within a specific target protein. Among
them, L1 show high dipole moment and L2 show large polari-
zability than other ones. Hence, their binding affinity will be
excellent than other ones.

Thermodynamic parameters are very important to gain
insight into the balance of energetic forces driving interactions
and to access molecular interactions [36]. Free energy is the
most inevitable parameter that provides information about the
interaction of binding partners and whose magnitude and sign

also give indication about the possibility of biomolecular events
occurring. Free energy is composed of enthalpy and entropy.
Therefore, they have direct contribution in molecular forces
governing binding system [37]. Molecules higher binding
affinity rely on large negative value of G. Since all the studied
ligands show large negative G value, thus their binding affinity
will be good and might act as good inhibitor against SARS-
CoV-2.

Frontier orbitals and quantum chemical calculations:
The energies of HOMO, LUMO orbitals and chemical reacti-
vity descriptors of studied ligands were calculated by using
DFT at B3LYP/6-311++ G (d,p) level of theory and tabulated
in Table-2. Ionization energy (I) and electron affinity (A) of
the studied ligands were determined by using HOMO and
LUMO energies. A large energy gap between HOMO and
LUMO energies indicates the lower reactivity, while a small
energy gap indicates higher reactivity. The FMOs results
analysis of the studied ligand showed that energy gap decreases
in the following order: L1 > L2 > L4 > L5 > L3. Thus, the
order of reactivity of the studied ligand increases according to
the following L1 > L2 > L4 > L5 > L3 (Fig. 2). These results
are in good agreement with the molecular docking results.
The chemical hardness (η) and softness (σ) of a molecule also
depend on the how much easier an electron flow from HOMO
to LUMO. Hence, small energy gap makes a molecule softer
and more reactive, while large energy gap makes harder and
less reactive. Since ligand L1 has higher chemical softness
value than other ligands, thus ligand L1 will be more reactive
than other ligands. Negative chemical potential (µ) of the
studied ligand implies that all are stable and form stable
complex with the protein. Electronegativity (χ) value is an
indication of the power of the molecule to attract electrons.
Global electrophilicity index (ω) also measures the tendency
of a species to accept an electron [38]. Good electrophiles can
be taken into account when the values of µ and ω are high.
Lastly, the proportion of maximum charge that a system can
acquire from its environment is represented by maximum
charge transfer index (∆Nmax). From Table-2, it is observed
that the electronegativity and electrophilicity index of the
studied ligand increases in the following order: L1 > L2 > L4
> L3 > L5. Maximum charge transfer index (∆Nmax) also follow
the same order. Based on the value found from HOMO, LUMO
energies, energy gap and chemical reactivity descriptors, it is
concluded that ligand L1 will show high reactivity and could

TABLE-1 
CALCULATED TOTAL ENERGY (Hartree/particle), THERMAL PARAMETERS (kcal/mol), DIPOLE MOMENT (debye) AND 

POLARIZABILITY (a.u.) OF THE STUDIED LIGANDS (L1-L5) BY BY USING DFT/B3LYP/6-311++G(d,p) LEVEL OF THEORY 

Parameter L1 L2 L3 L4 L5 
Etotal -1385.446849 -1708.407939 -1640.499555 -1640.508904 -1295.443990 
E0 -869157.60 -1071822.33 -1029213.24 -1029218.96 -812661.11 
E -868917.61 -1071585.49 -1028981.62 -1028987.22 -812402.26 
H -868917.02 -1071584.90 -1028981.03 -1028986.62 -812401.67 
G -868971.18 -1071639.00 -1029032.65 -1029038.19 -812455.67 

 Dipole moment 7.5303 4.2668 4.1899 3.3763 5.0645 
Polarizability 311.3336 337.3846 298.7376 311.7026 319.1913 

E0: Sum of electronic and zero-point energies (E0 = Eelec + ZPE), E: Sum of electronic and thermal energies (E= E0 + Evib + Erot + Etrans), H: Sum of 
electronic and thermal enthalpies (H = E + RT), G: Sum of electronic and thermal free energies (G = H - TS). 
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facilitate the binding with the targeted protein. These results
show the good compatibility with those obtained by molecular
docking.

Molecular electrostatic potential (MEP): In this study,
mapped MEP surfaces were obtained for five ligands (L1-L5)
by using the checkpoint file after optimization utilizing Gaussian
09 program along with B3LYP/6-311++G (d,p) level of theory.
In Fig. 3, most negative, most positive and zero potential regions
are visualized by red, blue and green colour and these colour
grading act as an indicator of molecular structural properties
of the ligands under investigation. Most electronegative electro-
static potential is represented by red colour. Thus, this region
will be most preferred sites for electrophilic attack. Most electro-
positive potential is signified by blue colour. Thus, this region
will be most preferred sites for nucleophilic attack.

It is observed that in the MEP map of all studied ligands
L1-L5 (Fig. 3), the red colourations, which indicate nucleo-

philic sites, are localized on the O atoms of C=O bond. The red
colourations are also observed on the O atoms of N=O bond
for L1 and L2. On the other hand, the blue colours, indicative
of electrophilic sites are observed on the N-H bond. In all
ligands (L1-L5), due to the different positions of N-H groups
the blue colourations are distributed in different regions. The
green colourations are found in the benzene ring which indica-
tive of zero potential sites. With this study, one can justify,
why binding affinity of a drug vary with the active sites receptor
and why one drug is most reactive than other ones.

Mulliken atomic charges: The Mulliken atomic charges
for all studied ligands were calculated by using DFT at B3LYP/
6-311++G (d,p) level of theory and obtained data are tabulated
in Table-3. For ligand L1, it observed that C22 is the most
positive and C23 have the most negative charge. For ligand L2,
the most positive charge is found in C20 and the most negative
charge is found in C22. For ligand L3, L4 and L5, the most

TABLE-2 
CALCULATED EHOMO-ELUMO GAP VALUES, IONIZATION POTENTIAL (I), ELECTRON AFFINITY (A), CHEMICAL HARDNESS (η), 

CHEMICAL SOFTNESS (σ), ELECTRONEGATIVITY (χ), CHEMICAL POTENTIAL (µ), ELECTROPHILICITY INDEX (ω) AND 
MAXIMUM CHARGE TRANSFER INDEX (∆Nmax) OF THE STUDIED LIGANDS AT DFT/B3LYP/6-311++G (d,p) LEVEL OF THEORY 

Parameters L1 L2 L3 L4 L5 
EHOMO (eV) -6.42 -6.51 -6.51 -6.54 -6.34 
ELUMO (eV) -3.16 -2.98 -2.24 -2.47 -2.14 
Energy gap 3.26 3.53 4.27 4.07 4.20 

Reactivity descriptors 
Ionization potential (I) 6.42 6.51 6.51 6.54 6.34 
Electron affinity (A) 3.16 2.98 2.24 2.47 2.14 
Chemical hardness (η) 1.63 1.76 2.13 2.03 2.10 

Chemical softness (σ) 0.81 0.88 1.06 1.01 1.05 

Electronegativity (χ) 4.79 4.74 4.37 4.50 4.24 
Chemical potential (µ) - 4.79 - 4.74 - 4.37 - 4.50 - 4.24 
Electrophilicity index (ω) 7.03 6.38 4.48 4.99 4.27 

Maximum charge transfer index (∆Nmax) 2.93 2.69 2.05 2.21 2.01 

I = - EHOMO, A = - ELUMO, η = (I – A)/2, σ = 1/2 η, χ = (I + A)/2, µ = - (I + A)/2, ω = µ2/2 η and ∆Nmax = - µ/η. 
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Fig. 2. HOMO and LUMO plots for all studied ligands calculated at B3LYP/6-311++G (d,p) level of theory
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L4 L5
Fig. 3. Molecular electrostatic potential (MEP) maps of the studied ligands (L1-L5)

TABLE-3 
MULLIKEN ATOMIC CHARGES OF THE STUDIED LIGANDS CALCULATED AT DFT/B3LYP/6-311++G (d,p) LEVEL OF THEORY 

L1 L2 L3 L4 L5 
1 C 0.631735 1 C 0.172166 1 C 0.305757 1 C 0.775457 1 C 0.573298 
2 C 0.210643 2 C 0.193180 2 C 0.214517 2 C 0.209630 2 C 0.201605 
3 C -0.501422 3 C 0.216417 3 C -0.442418 3 C -0.618049 3 C -0.574532 
4 C 0.320024 4 C -0.643689 4 C 0.308720 4 C 0.330569 4 C 0.114625 
5 C -0.745527 5 C 0.256244 5 C -1.033327 5 C -0.758671 5 C -0.765449 
6 C -0.442379 6 C -0.283588 6 C -0.694154 6 C -0.203428 6 C 0.239380 
7 H 0.149767 7 H -0.030604 7 H 0.195135 7 H 0.167784 7 H 0.137605 
8 C 0.317095 8 C 0.303686 8 C 0.268026 8 C 0.320961 8 C 0.319265 
9 O -0.322066 9 O -0.326325 9 O -0.324248 9 O -0.324533 9 O -0.326389 
10 N -0.231316 10 N -0.279947 10 N -0.208523 10 N -0.235747 10 N -0.224835 
11 H 0.318913 11 H 0.329172 11 H 0.320473 11 H 0.318992 11 H 0.317544 
12 N -0.320481 12 N -0.318080 12 N -0.321857 12 N -0.315702 12 N -0.299396 
13 H 0.359420 13 H 0.357102 13 H 0.359316 13 H 0.356125 13 H 0.355381 
14 N -0.232125 14 N 0.139066 14 N -0.216905 14 N -0.238451 14 N -0.238550 
15 H 0.335571 15 N 0.162976 15 H 0.326012 15 H 0.334995 15 H 0.337550 
16 N -0.039419 16 C -0.787700 16 N -0.032455 16 N -0.065307 16 N -0.082487 
17 O -0.309587 17 H 0.231768 17 O -0.315030 17 O -0.317583 17 O -0.322609 
18 C -0.568614 18 H 0.203884 18 C -0.548643 18 C -0.575928 18 C -0.590535 
19 H 0.196590 19 H 0.112635 19 H 0.193935 19 H 0.193696 19 H 0.193631 
20 H 0.197304 20 C 1.537621 20 H 0.192557 20 H 0.197658 20 H 0.194427 
21 H 0.177173 21 C -0.776629 21 H 0.174732 21 H 0.177143 21 H 0.176558 
22 C 1.645706 22 C -0.871343 22 C 0.567873 22 C 0.589035 22 C 1.149707 
23 C -1.151846 23 C -0.496775 23 C -0.405378 23 C -0.688279 23 C -0.359473 
24 C -0.715002 24 H 0.103253 24 C 0.284238 24 C -0.372337 24 C -0.180160 
25 C -0.604704 25 C -0.370426 25 C -0.345388 25 C -0.666423 25 C -0.280834 
26 H 0.135193 26 H 0.284467 26 H 0.203448 26 H 0.130557 26 H 0.126222 
27 C -0.164594 27 C 0.453874 27 C -0.207489 27 C -0.626609 27 C -0.417062 
28 H 0.311507 28 H 0.198941 28 C -0.444345 28 H 0.229310 28 C -0.719499 
29 C 0.381230 29 H 0.248773 29 H 0.176335 29 C 0.471713 29 H 0.200035 
30 H 0.198131 30 N -0.194104 30 H 0.164491 30 H 0.202191 30 C -0.205324 
31 H 0.247942 31 O 0.008652 31 C -0.023805 31 C -0.228448 31 H 0.240563 
32 N -0.190182 32 O 0.013292 32 H 0.250471 32 H 0.239104 32 C 1.103612 
33 O 0.007437 33 C -0.362403 33 C 1.017353 33 C 1.087528 33 C -0.200845 
34 O 0.018632 34 H 0.288534 34 C -0.113724 34 C -0.155238 34 C -0.315341 
35 C -0.173121 35 C 0.478572 35 C -0.244642 35 C -0.159697 35 C -0.448929 
36 H 0.240742 36 C -0.181768 36 C -0.494424 36 C -0.535791 36 H 0.131343 
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37 C 1.084018 37 C -0.146109 37 H 0.127683 37 H 0.135483 37 C -0.364002 
38 C -0.167961 38 C -0.382544 38 C -0.392030 38 C -0.522769 38 H 0.178924 
39 C -0.170201 39 H 0.159037 39 H 0.178022 39 H 0.177282 39 C -0.355026 
40 C -0.518417 40 C -0.229218 40 C -0.360494 40 C -0.268992 40 H 0.193415 
41 H 0.140597 41 H 0.215349 41 H 0.193386 41 H 0.191319 41 H 0.185524 
42 C -0.476673 42 C -0.347369 42 H 0.187379 42 H 0.183794 42 H 0.161432 
43 H 0.176822 43 H 0.187446 43 H 0.159436 43 H 0.166332 43 H 0.230832 
44 C -0.302353 44 H 0.192087 44 Cl 0.590612 44 Cl 0.487899 44 O -0.146166 
45 H 0.192807 45 H 0.158815 45 H 0.209374 45 H 0.203424 45 C -0.336823 
46 H 0.186460 46 S -0.257225 – – 46 H 0.154654 
47 H 0.166529 47 H 0.078834 – – 47 H 0.153312 

– – – – 48 H 0.181452 
– – – – 49 H 0.202368 

 
nucleophilic center is recognized on C5, which is the most
electrophilic susceptibility position and their respective
nucleophilic susceptibility position visualized on C33, C33 and
C22. From this study, it is possible to obtain a reasonable
understanding about electronic charge distribution within a
molecule and frontier molecular orbital approach.

Docking energy evaluation of the studied ligands: The
non-bonding interactions of all ligands with the main protease
showed that they interact with both catalytic residues (Cys145
and His41) identified by Autodock Vina, as shown in Fig. 4.
All ligands show significant inhibitory potential by binding
energy ranging from -8.1 to -8.8 kcal/mol. Table-4 revealed
the binding affinity of our ligands with COVID-19 Mpro. These
findings revealed that all ligands exhibit a good binding affinity
for the target molecules and are stable inside the cavity. The
formation of stable complexes resulting from the energetically
favourable geometric arrangement of ligands in the active site,
as well as the formation of hydrogen bonds, hydrophobic inter-
actions and pi-sulfur interactions between them, could explain
the inhibitory activity of the tested molecules against the
COVID-19 virus (Mpro) protease. The results clearly show that
ligands L1 and L2, with binding energies of -8.8 kcal/mol
and -8.6 kcal/mol, respectively, showed a significant inhibitory
capacity for the main protease SARS-CoV-2, followed by L4,
L5 and L3.

TABLE-4 
DOCKING RESULTS OF STUDIED LIGANDS (L1-L5)  

WITH SARS-CoV-2 Mpro USING AutoDock VINA 

Entry Binding affinity energy (kcal/mol) 
L1 -8.8 
L2 -8.6 
L3 -8.1 
L4 -8.3 
L5 -8.2 

Remdesivir -7.2 
 

Furthermore, remdesivir was selected as a standard drug
that was docked against the targeted proteins. The results were
compared to the studied ligands, indicating that they have a
high affinity for the proteins. When compared to remdesivir,
the selected ligands showed better and more appropriate
binding interactions with the key amino acids of Mpro, including
hydrogen bonds, hydrophobic bonds, halogen bonds, pi-alkyl,
pi-pi and pi-sulfur interactions.

The interaction of ligand L1 with SARS-CoV-2 Mpro

showed the highest affinity interaction (Table-5) and forms
hydrogen bonds between the oxygen of carbonyl group and
hydrogen of THR25, the oxygen of nitro group with hydrogen
of SER144 and HIS172 and the hydrogen of amide with the
oxygen of HIS164 residues of the protein. The hydrophobic
and pi-sulfur interactions with the corresponding amino acids
LEU27, HIS41 and CYS145 are responsible for the high binding
affinity. At the same time, ligand L2 makes hydrogen bonds
with THR25, SER144, HIS164 and GLU166. Other significant
interactions are pi-pi stacked and π-alkyl inter-actions with
HIS41, CYS 145, as well as pi-sulfur interactions with HIS41
and CYS145 (Fig. 4). On the other side, the complex with
SARS-CoV-2 Mpro of ligand L3 is formed by hydrogen bonding
with SER46 and HIS164. Other interactions include hydro-
phobic interactions with HIS41, CYS145 and pi-sulfur inter-
action with MET49. When ligand L4 is docked with 6Y2G, it
forms two hydrogen bonds with THR25 and HIS164, four
hydrophobic interactions with LEU27, HIS41, CYS145, one
pi-sulfur and one halogen bond with MET49 and PHE140. The
interaction between ligand L5 and 6Y2G is characterized by
hydrogen bonding with THR25, PHE140 and HIS164. Some
of the hydrophobic and pi-sulfur have also been observed.
The stability of the complex is aided by hydrophobic and pi-
sulfur interactions with the residues of amino acids LEU27,
HIS41, CYS145 and MET49. As illustrated in Fig. 5, the orbital
picture of H-bonding and interaction clearly shows hydrogen
bonding with both donor and acceptor regions, with the acceptor
region being larger than the donor. These findings showed that
docked ligands form a stable complex with targeted proteins
(6Y2G), indicating that our selected ligands may have antiviral
properties, with ligands L1 and L2 having a greater ability to
inhibit the respective target protein than other compounds.

Conclusion

Five pyrimidine ring containing compounds have been
investigated by molecular docking study and DFT calculations
to assess their binding affinity towards the SARS-CoV-2 main
protease (Mpro). To get insights about structure-reactivity of
ligands, firstly, the optimization were performed, then the
HOMO-LUMO orbital energies, thermodynamic parameters,
electronic properties, MEPs and Mulliken atomic charges by
using DFT at B3LYP method along with 6-311++G (d,p) basis
set were calculated. The data obtained from molecular docking
are compared with the FDA approved drugs remdesivir. These
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L1

L2

L3

L4

L5

Docked conformation 2-D plot of binding interactions between 
amino acid residue and ligand

Interactions

Interactions

Interactions

Interactions

Interactions

Conventional hydrogen bond
Carbon hydrogen bond
Pi-Sulfur

Conventional hydrogen bond
Pi-Donor hydrogen bond
Pi-Sulfur

Conventional hydrogen bond
Carbon hydrogen bond
Pi-Sulfur

Conventional hydrogen bond
Halogen (Cl, Br, I)
Pi-Sulfur

Conventional hydrogen bond
Carbon hydrogen bond
Pi-Sulfur

Pi-Pi Stacked
Pi-Alkyl

Pi-Pi Stacked
Pi-Alkyl

Pi-Pi Stacked
Alkyl
Pi-Alkyl

Pi-Pi Stacked
Pi-Alkyl

Pi-Pi Stacked
Pi-Alkyl

Fig. 4. Schematic representation for the docked conformation at the active site of the Mpro (PDB ID: 6Y2G) and 2D interaction between
amino acid residue and ligands with Mpro (PDB ID: 6Y2G)
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TABLE-5 
NONCOVALENT INTERACTIONS OF LIGANDS WITH MAIN PROTEASE OF SARS-CoV-2 (POSE PREDICTED BY AutoDock VINA) 

Drug 
candidate 

Hydrogen bond 
(AA···Ligand) 

Hydrophobic interaction  
(AA···Ligand) 

Other Halogen bond 
(AA···Ligand) 

L1 

THR25 (2.58684) O-H···O-C 
SER144 (2.72361) O-H···O-N 
HIS164 (2.72507) C-O···H-N 
HIS172 (2.8238) C-H···O-N 

HIS41 (4.55456) Pi-Pi stacked 
CYS145 (5.39625) Pi-alkyl 
LEU27 (5.41984) Pi-alkyl 
CYS145 (5.26414) Pi-alkyl 

CYS145 (5.2487) Pi-sulfur  

L2 

THR25 (2.56834) O-H···O-C 
SER144 (2.84461) O-H···O-N 
HIS164 (2.68183) C-O···H-S 
HIS164 (2.72569) C-O···H-N 
GLU166 (2.95736) Pi-Donor 

HIS41 (4.52465) Pi-Pi stacked 
CYS145 (5.28053) Pi-alkyl 

CYS145 (5.27891) Pi-sulfur 
HIS41 (3.8811) Pi-sulfur 

 

L3 
SER46 (2.39109) C-O···H-N 
HIS164 (2.22863) C-O···H-N 
SER46 (3.06712) C-H···O-C 

HIS41 (4.43977) Pi-Pi stacked 
CYS145 (4.19278) alkyl 

CYS145 (5.20885) Pi-alkyl 
CYS145 (5.00423) Pi-alkyl 

MET49 (5.27105) Pi-sulfur  

L4 

THR25 (2.62904) O-H···O-C 
HIS164 (2.49868) C-O···H-N 

 
 

HIS41 (4.35703) Pi-Pi stacked 
CYS145 (5.23486) Pi-alkyl 
CYS145 (5.04565) Pi-alkyl 
LEU27 (5.43533) Pi-alkyl 
CYS145 (5.47588) Pi-alkyl 

MET49 (5.16599) Pi-sulfur PHE140 (3.23995) 
Halogen (Cl, Br, I) 

L5 

THR25 (2.65711) O-H···O-C 
HIS164 (2.42281) C-O···H-N 
PHE140 (2.51371) C-O···H-C 

 

HIS41 (4.36462) Pi-Pi stacked 
CYS145 (5.15535) Pi-alkyl 
LEU27 (5.38767) Pi-alkyl 
CYS145 (5.37385) Pi-alkyl 
CYS145 (5.05288) Pi-alkyl 

MET49 (5.27917) Pi-sulfur  

 

Donor

Acceptor 

H-Bonds

Fig. 5. 3D H bonding between amino acid residue and ligands with Mpro (PDB ID: 6Y2G)

findings demonstrated that all of the selected ligands formed
stable complexes with the targeted proteins and had a higher
binding affinity than remdesivir. The calculated HOMO and
LUMO energies, reactivity descriptors as well as thermal para-
meters and demonstrated charge transfer within molecule,
allows us to find the most reactive ligands against the COVID-
19 virus. According to quantum chemical studies, ligand L1
(3.26 eV) and ligand L2 (3.53 eV) demonstrated lower HOMO-

LUMO energy gaps and predicted better chemical reactivity.
The current results can provide useful insight for the develop-
ment of pyrimidine derivatives with improved antiviral activity.
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